Step" trials, monkeys were rewarded for shifting gaze to the target. On "Target Step" trials, the target swapped positions with a distractor after a short "
Step Delay," and monkeys were rewarded for shifting gaze to the new target.
reaction times for the less efficient search task because task, the less efficient color search task, and the response interference task. For this monkey, the mean Ϯ variability in the perceptual stage of processing contributes more to the variability in reaction time. In addition, standard deviation of reaction time in the efficient search task was 177.6 Ϯ 46.2 ms (12,295 trials), whereas that target discrimination time should remain constant in the response interference task with an efficient search array in the less efficient search task was 218.7 Ϯ 81.0 ms (9013 trials), and that in the response interference task because variability in response preparation contributes more to the variability in reaction time. We will present was 247.4 Ϯ 88.7 ms (8312 trials). The reaction times in the less efficient search task and the response interferdata consistent with the hypothesis that the time of target discrimination by FEF cells marks the end of perence task were both significantly greater than those in the efficient search task (respectively, t 13273 ϭ 43.3, p Ͻ ceptual processing, i.e., stimulus encoding and selection. Thus, the target discrimination time can be a useful 0.001; t 11383 ϭ 66.0, p Ͻ 0.001; Welch's t test). Monkey marker to study the neural basis of mental chronometry.
M was tested on the efficient motion search task and Some of the findings presented in this report have the less efficient motion search task. The mean reaction appeared in abstract form (Thompson et al., 1998 increase in TDT. The average ratio was used if the neuron discriminated the target in more than two reaction time Neural Activity during Less Efficient Search groups. Neurons that discriminated the target in only The purpose of this study was to test whether target one reaction time group did not contribute to this analydiscrimination time (TDT) in FEF marks the conclusion sis. Table 1 gives the numbers of neurons exhibiting of the visual encoding and selection stage. We recorded discriminative activity that reached the 0.75 criterion in 154 neurons from the FEF in three monkeys, 104 in different numbers of reaction time groups. These ratios, the less efficient search task, and 50 in the response plotted in Figure 4B , most commonly assume values interference task. Of these, 82 neurons in the less effislightly less than 100%, but the values range from less cient search task and 28 neurons in the response interthan 0% to more than 100%. The ratios of the change ference task exhibited visual activity elicited by the prein TDT as a function of the change in reaction time less sentation of the stimulus and provided sufficient data than 0% or greater than 100% should be interpreted as to be included in this report.
natural measurement errors, so our conclusions will be The pattern of activation of a representative FEF neubased on the central tendencies of the distributions. ron during the efficient and the less efficient search is
The values of the ratio of the change in TDT divided by shown in Figure 3 . The presence of visually evoked activthe change in reaction time from motion search and ity and saccade-related modulation was tested with from color search were not different (t 51 ϭ 1.04), and memory-guided saccades to a stimulus flashed in the so they were combined. The mean percentage of the receptive field. This neuron was visually responsive with increase in reaction time accounted for by the increase minimal sustained activity during the delay period and in TDT was 87 Ϯ 8%, which was significantly different no modulation associated with the memory guided sacfrom 0% (t 52 ϭ 11.4, p Ͻ 0.001) but not from 100% (t 52 ϭ cade ( Figure 3D ). The forthcoming analysis is based on 1.65). Hence, the variability in TDT accounted for nearly the premise that TDT was affected by search efficiency.
all of the variability in reaction time in less efficient visual To test this, an overall value of TDT was determined for each neuron. To exclude the influence of trials with search. Neural Activity during Response latency group was 22%, and that between the intermediate latency group and the longest latency group was Interference Task If TDT is related simply to saccade production, then 9%. The average of these two values was 15%. Figures 4C and 4D shows the relationship between TDT should increase whenever saccadic reaction time increases. To test this, we analyzed data from the search TDT and reaction time for each cell recorded in the nostep trials in the search step task. The percentage of step task in which reaction time to an efficient search array was elevated because of interference with rethe increase of reaction time accounted for by the increase of TDT was 23 Ϯ 12%, which was significantly sponse preparation. Activity of a representative neuron is shown in Figure 5 ., 1995a) . For motion search, apertures were scaled characteristic (ROC) curves derived from the two distributions. For from 1.5Њ at 6Њ eccentricity to 2.5Њ at 10Њ eccentricity. convenience we will refer to this value as the ROC area. The ROC Two manipulations were used. The first manipulation influenced area was determined in a sliding 10 ms window at 1 ms intervals the visual search efficiency by making the target less discriminable beginning 200 ms before target onset to the longest saccade lafrom distractors. In color search, the target was green and the distency. Because we were only interested in activity preceding a sactractors were changed from red to yellow-green (Figures 1A and cade, once a saccade was initiated activity from that trial was ex-1B). In motion search, the target and distractor were made less cluded from the analysis. The time of target discrimination was discriminable by reducing the proportion of coherent dots in the determined from the growth of the ROC area over time. Target target and distractors from 100% to 50%-60%. Trials with easy and discrimination time (TDT) was defined as the time when the ROC difficult discriminations were randomly interleaved. Search effiarea reached 0.75 and stayed above 0.75 for more than 10 ms out ciency was adjusted so that the mean reaction time increased at of 15 ms immediately following. The criterion of 0.75 corresponded least 30 ms.
Relation to Previous Studies of Target Selection
to that used in a previous investigation (Thompson et al., 1996) . The The second manipulation influenced response preparation by inconclusions do not depend on the precise value of the criterion. troducing response interference. In this condition, the monkeys perTo determine how target discrimination time (TDT) varies with formed a task we call search step ( Figure 1D) (Murthy et al., 1999) . reaction time, trials were grouped according to reaction time. To The search step task combines a standard visual search task with minimize the influence of outliers, trials in the lower and upper 5% the classic double-step saccade task. On most trials monkeys were of the reaction time distribution were excluded from further analysis. rewarded for making a saccade to an oddball target among disThe trials were grouped into the earliest, intermediate and longest tractors (no step trials). On the remaining trials the target and one third of the remaining reaction time distribution. Then the target distractor unexpectedly swapped positions after presentation of the discrimination time and the median reaction time were calculated array (step trials). When the target stepped unpredictably from its for each group. original position to a new position, monkeys were rewarded for directing gaze to the new target location. The probability of producing a saccade to the final target location depended on the delay of
